The special property of stem cells is that their development is asymmetric. They give rise both to cells that are identical to themselves and to cells that are different. The mechanism that provides this asymmetry may be intrinsic or extrinsic. Such mechanisms are considered within the context of other systems where asymmetric development occurs. The specification of mating types in yeast provides a clear example of a stem cell system generated intrinsically. In fission yeast it appears that the asymmetry is due to chromosomal differences: this is the only known mechanism for intrinsic asymmetry. While there is good evidence for intrinsic asymmetry in both plants and invertebratesparticularly the nematode -the mechanism is not known. In insects and vertebrates there is no well established example of intrinsic asymmetry if one excludes asymmetric cytoplasmic localization during cleavage of the egg. Asymmetry is thus due to environmental influences. Stem cell systems are usually well structured and the cell's behaviour seems to be position-dependent. This is well established for the stem cells of hydra. By contrast it is claimed that the mammalian haemopoietic system is generated by an intrinsic, asymmetric, probabilistic mechanism -the validity of this view is questioned.
Introduction
The egg can, in some ways, be thought of as a stem cell in that it multiplies and gives rise to many cell types and, most important, eventually, another egg. These two properties -generating one or more cell types different to the parent cell and self renewal -are the key properties of a stem cell. It can be seen that, taken separately, each of these two properties are common to many different types of cell. In development it is commonplace for a cell to generate progeny different from the parent cell. That process may involve just maturation along a single lineage as in red blood cell differentiation after commitment to that lineage has been established, or it may involve generating daughter cells whose individual fate may be quite different as in nerve cell differentiation in the early neural tube. The other property, self renewal, is the normal fate of cell division in a population of multiplying cells. The unique feature of stem cells is that they combine both properties to give asymmetric development and this presents special problems. One of the earliest uses of this concept of a stem cell was in relation to the development of germ cells (Wilson, 1906) . The main evidence came from the studies of Boveri (see Wilson, 1906) on the development of Ascaris where there is chromatin loss during the early cleavages. Only the cell that gives rise to the germ cells kept its chromatin intact, and it behaves as a stem cell. These ideas are illustrated in Fig. 1 .
How then is the asymmetry programmed into the stem cell so that it can generate Zygote ASCARIS G erm cells offspring that are either like itself or different? T he two ways, in principle, by which this can be achieved are (1) the cell may divide asymmetrically, one daughter being like itself, the other different; or (2), both daughters may be the same; but sometimes they will be like the parent cell, and sometimes different. In this case, the probability of being like the parent must be 0-5 or greater. Both these mechanisms will be considered within the context of known cellular mechanisms and evidence from other systems.
Asymmetrical cell division
If a cell divides so that its daughters cells are different, the problem is how does this difference arise. T he only two possibilities are that either there is an internal mechanism, autonomous to the cell, or the difference is imposed by external environmental conditions. The former is often discussed in terms of an autonomous lineage mechanism and the latter in terms of induction or positional signals.
There is very good evidence in early development, that is during cleavage of the egg, that the progeny of a cell division will be different, and that this difference may be ascribed to differences in the cytoplasm which the daughter cells acquire. Exam ples of this cytoplasmic localization are the polar granules that seem to specify germ cell development in both insects (Illmensee, 1976) and amphibia and the development of muscle in ascidian embryos (Jeffrey, 1983) . Remarkably it has been shown that in cleavage-arrested one-cell ascidian embryos multiple-differentiation can occur within just one multinucleated cell (Crowther & Whittaker, 1986) . W'ithin the same cell there was ultrastructural evidence for epidermis, notochord, muscle and neural tissue. T h is presents something of a puzzle. How can these different characteristics develop within the same cell; it implies a not yet understood role for cytoplasmic components in bringing about such differentiation?
It is important to realize that in these cases we are dealing with cleavage of an egg and there is no growth but the subdivision of a cell into smaller units. In these cases the mechanism generating asymmetry is clearly an asymmetric localization of the cytoplasmic microenvironment within the egg. T he question then is to what extent such an intrinsic lineage mechanism is involved in development at stages other than cell cleavage. T o what extent is cell diversity generated by an intrinsic rather than extrinsic control? In general the evidence for an intrinsic mechanism for generating diversity is very weak in both vertebrates and insects, but rather strong in nematodes and yeasts.
Intrinsic system s
Yeasts provide a fascinating example of developmental asymmetry in relation to mating types (K lar, 1987) . Mating type switch in budding yeasts involves a transposition-substitution event in which the relevant D N A coding region is inserted at the m at 1 locus. T his involves a double stranded D N A break which is generated by a site-specific endonuclease coded for by the HO locus. T he rules for changing from alpha to gamma mating type are: (i) only mother (older) cells can produce switched progeny, (ii) both progeny switch together, (iii) the switch occurs in most (80 %) cases.
It can be seen ( Fig. 2 ) that the daughter cell behaves like a stem cell generating mother cells capable of switching. T he pattern of switching is determined by the timing of HO transcription. It is transiently transcribed only in late G i in mother cells and not in daughter cells. Both positive and negative regulatory genes have been described, and SWI5 is of central importance. The most recent evidence suggests that the SWI5 product itself, or something it affects, must be asymmetrically distributed at cell division.
In fission yeast ( Fig. 3 ) the mating types are called P (plus) and M (minus). It too involves gene conversion analogous to the budding yeast switch. Cells may be characterized by whether they are able to switch (S) or unable to switch (U ). In 72-94 % of cell divisions one member of a pair of sister cells produces a single switched cell in the next generation. T h is gives the one in four rule in relation to mating type switching. The pattern of switchable (S), unswitchable (U ) states gives the lineage the asymmetry characteristic of stem cells. It can be seen that the change from a switchable to an unswitchable state is just like a stem cell lineage, the mother cell remaining unswitchable and giving one switchable daughter at each division.
It has now been shown that the competence for switching in fission yeasts may be acquired through inheritance of a chromosome that was marked at the m at 1 locus, one generation earlier (K lar, 1987) . T he basic idea is that just one strand of the D N A is imprinted by, for example, methylation and this provides the difference between daughter cells and permits switching to occur. T h is is the only known case where the mechanism for an internal asymmetry may have been established.
One of the clearest cases of asymmetric cell division of a stem cell is in the cambium of plants (Walbot & Holder, 1987) . Whenever a cambial cell divides so that the larger daughter cell lies outwards that cell becomes phloem while the inner cell remains a cambial stem cell. Whenever the larger daughter cell lies on the inside such daughter cells become xylem. T he mechanism is unknown. In volvox, similarly, there are large cells, the gonidia, which divide asymmetrically to generate new somatic cells, and further gonidia (Kirk, 1988) . Experiments suggest that this is not just cytoplasmic localization but represents some cytoskeletal asymmetry.
The development of the nematode Caenorhabditis elegans is the paradigm for an animal whose development is determined by cell lineage. Considerable emphasis has been put on the invariance of its pattern of cleavage and the autonomy of the developing cells. It is thus an excellent example of cell division -albeit during cleavage -generating daughter cells with asymmetrical development. Thus some blastomeres, isolated early in development, continued to develop just as if they had remained in an intact embryo. There is, however, also considerable evidence for interactions between the cells even at early stages (Emmons, 1987) . For example, Priess & Thomson (1987) studied muscle development using monoclonal antibodies to myosin, specific for body wall and pharyngeal muscle. In normal development both the anterior (AB) and the posterior (PI) cells of the two cell embryo produce both types of muscle cells. If the blastomeres are separated, PI continues to express both types but AB now expresses neither. The AB descendants need a signal from the anterior daughter to produce muscles. Moreover if the descendants of the two daughter cells of AB are interchanged their developmental fate is changed and normal development occurs even though their usual fate is quite different.
The development of the lateral hypodermis clearly has some of the characteristics of a stem cell (Sulston & Horvitz, 1977; Kimble, 1981) . This lineage comprises a series of divisions in which one of the daughter cells, the anterior cell, forms a syncytial cell while the other divides again; the anterior cell again forms a syncytial cell and the posterior repeats the process, finally forming a seam cell. A very similar lineage is seen in the development of the grasshopper nervous system. Here a neuroblast divides asymmetrically .and the smaller daughter cell gives rise to nerve cell whereas the larger mother cell divides several more times (Walbot & Holder, 1987) .
There are a variety of mutants in the nematode which alter the pattern of cell division and can result in daughter cells being the same rather than different. Thus the lin-22 mutant causes the anterior cell of a division to resemble the posterior one. In spite of the very substantial amount of work on the asymmetrical divisions in the worm, however, the mechanism is not known. Unlike yeast, the DNA strands in the early nematode seem to segregate randomly (Ito & McGhee, 1987) .
One way of thinking about the generation and maintenance of asymmetry may be in terms of membrane bound microfilaments. There is very good evidence for cytoplasmic localization in the ascidian embryo. Its development is regarded as being of the mosaic lineage type. In this egg, various cytoplasmic regions which become associated with particular cell types are recognizable. Following fertilization there is rearrangement of the cytoplasmic constituents such-that the so-called myoplasmthat is, associated with the future muscle cells -becomes concentrated within one region of the egg. This seems to be associated with a localized increase in calcium which results in a localized contraction beneath the plasma membrane and this drags with it the filamentous structure attached to the membrane (Jeffrey, 1983) . Microfilaments also are involved in the generation of an asymmetric, distribution of cytoplasmic factors during the development of the nematode zygote (Strome & Hill, 1988) .
Extrinsic systems
In insects and vertebrates there is not a single well established case for intrinsic asymmetry of cell differentiation. (This excludes cytoplasmic localization during cleavage, which may specify the future germ cells.) In insects it is possible to mark a single cell using the technique of somatic recombination. All of the progeny of that cell can then be seen. Using this technique it has been shown that the wing of the insect develops from a group of about 20 cells. If one of these cells is marked at the time when these wing cells are specified then about one twentieth of the cells in one of the wings will be marked. However, it was possible to arrange the genetic constitution of the cells so that the marked cell grew much faster than the surrounding cells and the cell now formed not one twentieth but about half the wing. Yet, the pattern of the wing was completely normal even though the pattern of cell division in the wing was substantially altered. (Garcia-Bellido et al. 1973 ). This clearly shows that the detailed pattern of cell division and the individual cell lineages are not important in the developing wing. It must mean that cell behaviour is determined by cell interactions or other environmental influences.
In vertebrates, a wide variety of experiments suggests that the specification of cell fate is determined by cell-to-cell interactions rather than by lineage (Rossant, 1984) . This is particularly true in relation to organogenesis where there is extensive evidence for both induction (Gurdon, 1987) and positional signalling (Wolpert, 1981) . For example, early development in amphibia clearly shows that induction of muscle occurs, and in chick limb development a mirror image limb can be caused to form by implanting an additional positional signal. A dramatic example is the ability of tooth mesenchyme to cause embryonic hind-limb epithelium to form enamel (Kratochwil, 1972) . Temple & Raff (1985) have shown how the differentiation pathway of single glial cells is controlled by diffusible factors.
It is of interest to consider what might be thought of as embryonic stem cells, embryonic carcinoma cells. These cells have some of the properties of stem cells in that under appropriate conditions they can either proliferate or be made to give rise to a wide variety of cell types. In the latter case the cells do not do this in isolation as single cells but appear to need to go through a phase of cell aggregation which mimics the organization of the early mouse embryo. The clear implication is that interactions similar to those occurring in the early embryo are required in order for the cells to differentiate (Martin, 1975) .
Stem cell system
Interstitial cells in hydra are a multipotent stem cell system which gives rise during asexual growth to nerve cells and nematocysts (Heimfeld & Bode, 1981) . On a daily basis, 10% give rise to nerves, 30% to nematocysts and 60% to renewal. Nerve cell development is not related to density but to position along hydra (Venugopal & David, 1981) . Thus, if a nerve free head is grafted onto a normal hydra, whose cells have been labelled with tritiated thymidine, the interstitial cells migrate in. If the head is then removed and the regenerated tip examined, the fraction of labelled nerve to other cell types is the same as in the control. It is possible that one of the factors involved is a neuropeptide (Holstein, Schaller & David, 1986) . In more general terms the differentiation of interstitial cells is position-dependent. Stenotiles are produced in proximal regions whereas desmonemes are produced more distally (Bode & David, 1978) . While such experiments show that the direction of stem cell differentiation can be environmentally directed, it leaves the question of asymmetry unanswered.
In a variety of vertebrate stem cell systems there is a well defined cellular arrangement in which the stem cells occupy a well defined position. This is particularly clear in skin, intestinal epithelia, lens growth and cartilage growth plates. In each case there is a region of proliferation adjacent to a region where there is no proliferation but cell differentiation, or maturation. It seems not unreasonable in all these cases to regard the stem cell properties as being environmentally determined though the mechanism is unknown.
The spatial organization characterizing stem cell population traditionally has been assumed to be absent in just one system -haematopoiesis. While there are models in which the microenvironment is regarded as determining stem cell behaviour, there is strong support for a stochastic model, The 'stochastic' model was first put forward by Till, McCulloch & Siminovitch (1964) ; a more detailed model is that of Korn et al. (1973) . The model assumes that the decision of the pluripotent stem cell to selfrenew or differentiate is a probabilistic event. Provided this probability is 0-5 then the stem cell population will be in steady state. A further assumption is that commitment of a cell to one or other of the lineages is also a probabilistic event. Ogawa et al. (1983) also regard haematopoiesis as involving a progressive and stochastic loss of potencies.
The main evidence for a stochastic model comes from experiments in which paired progenitor cells, derived from a single cell, were cultured individually and the haemopoietic colonies they generated analysed (Suda, Suda & Ogawa, 1983) . Of the 387 paired cultures, 319 gave identical colonies whereas 68 gave dissimilar combi nations of cells. They argue that this dissimilarity represents differences in intrinsic potential and represents a stochastic process. However, this evidence is not very persuasive and may reflect small differences in the microenvironment. Indeed there is now evidence that the haemopoietic cell populations do conform to a specific spatial organization also (Lord & Testa, 1988) .
A stochastic model is quite different from all the mechanisms considered so far. It relies on an internal mechanism reliably to generate asymmetry with a well defined probability which can be altered by humoral factors. Stochastic models have been considered in relation to cell behaviour, particularly in relation to a transition probability model for entry into the cell-cycle (Brooks, 1985) . However, it is not easy to see how one could reliably provide a given probability. One class of probabilistic models involves a small number of molecules occupying sites on a receptor. This could provide the probability but it leaves open the problem of how one could arrange reliably for a constant, yet small, number of molecules within the cell. We are remarkably ignorant as to how accurately cells can regulate molecules within the cell.
DNA is the exception -the number being fixed. This is part of a problem which we have considered elsewhere in relation to threshold models for cell commitment (Lewis et al. 1977) . How can one arrange for an accurate threshold mechanism if the number of molecules varies significantly from cell to cell?
Conclusions
The essential feature of stem cells is the asymmetry of their development. Such an asymmetry is clearly shown in nematodes and by yeasts in relation to mating type switching. In the fission yeasts the mechanism is thought to be due to imprinting of one of the DNA strands. This is the only case where the mechanism for an intrinsic asymmetry may be known. In vertebrates and insects -cytoplasmic localization apart -there are no clear examples for intrinsic asymmetry in development. All the evidence points to environmental influences. Stem cell systems in hydra and vertebrates strongly suggest the importance of spatial organization and thus extrinsic influences. The exception is the haemopoietic system where a probabilistic mechan ism has been proposed, but the evidence is far from conclusive.
